Neuroimaging studies of autism have shown abnormalities syndrome scores and rCBF revealed that each syndrome was associated with a specific pattern of perfusion in the in the limbic system and cerebellar circuits and additional sites. These findings are not, however, specific or consistent limbic system and the medial prefrontal cortex. The results confirmed the associations of (i) impairments in enough to build up a coherent theory of the origin and nature of the brain abnormality in autistic patients. communication and social interaction that are thought to be related to deficits in the theory of mind (ToM) with Twenty-three children with infantile autism and 26 nonautistic controls matched for IQ and age were examined altered perfusion in the medial prefrontal cortex and anterior cingulate gyrus, and (ii) the obsessive desire for using brain-perfusion single photon emission computed tomography with technetium-99m ethyl cysteinate dimer.
Introduction
Autism, defined as a psychiatric disorder of early onset with a biological basis rather than being a psychological disorder, the biological study of the underlying brain abnormalities and qualitative impairments in social interaction and verbal and non-verbal communication and an abnormal repertoire of of putative genetic mechanisms has received little attention . Neuropathological studies have behaviours, is a severe developmental disorder. Autism holds a peculiar fascination for neuroscientists, because most of revealed abnormalities in the limbic system and cerebellar circuits . In vivo neuroimaging studies the core deficits of autism lie in the domain of social relations with others, which is essential to one's humanity. Autism have also demonstrated a number of abnormal patterns of the structure and function in these and additional sites (George research has also stimulated philosophical debate on selfconsciousness, since it provides an example of failure Hashimoto et al., 1995; Mountz et al., 1995; Saito et al., 1995; Haznedar et al., 1997; Filipek, 1999) . reflect on mental states .
Over the past two decades, many studies of autism have These findings are not, however, specific or consistent enough to build up a coherent theory of the origin and nature of the shattered the classical image of the autistic child, the child in the glass shell. Despite general agreement that autism has brain abnormality in autistic patients.
In the present study, we used single photon emission 0.75 cycles/cm. Attenuation correction was performed using Chang's method. tomography (SPECT) with technetium-99m ethyl cysteinate dimer (Tc-99m ECD) to measure regional cerebral blood Symptom scores of autistic patients were obtained by factor analysis of behavioural scores. The behavioural scores flow (rCBF) in patients with infantile autism and a control group of non-autistic children matched for age, gender were obtained from informants (mainly the patient's mother) in a standardized interview and by clinical observation. The and IQ. To clarify which regions of the brain abnormality contribute to autistic behaviours, we also studied the rating system we used for behavioural score was similar to that of the Childhood Autism Rating Scale (Schopler et al. , relationship between rCBF changes and the symptom profile in the autistic patients.
1980). Two paediatric neurologists assessed the patient's behaviour, and inter-rater reliability was good (Cohen's κ value 0.86). Because of the small number of subjects, it was necessary to limit the number of behavioural scores entered
Methods
Twenty-three children (19 boys and 4 girls) with infantile in the factor analysis to nine. The nine items selected were: echolalia; abnormal prosody; abnormal grammatical autism and 26 children (21 boys and 5 girls) with non-autistic mental retardation participated in this study. Infantile autism construction; treat people as interchangeable; no symbolic play; no use of finger-pointing; fascination with certain was diagnosed according to the criteria of DSM-IV (American Psychiatric Association, 1994). We excluded subjects with objects; insistence on sameness; and stereotyped behaviour. We eliminated items that are related to odd sensory the following criteria: (i) abnormal MRI; (ii) persistent seizure; and (iii) known infectious, metabolic or chromosomal exploration and motor clumsiness, because current nosologies (DSM-IV) suggest that symptoms of social impairment are disease. Patients with non-autistic mental retardation did not have a diagnosis and the cause of their condition was critical in the definition of the autistic disorder (Charman et al., 1997) . Scores were as follows: 1 ϭ severe abnormality; unknown. The mean ages of autistic children and non-autistic controls were 6.5 years (SD ϭ 2.4, range 2.6-13) and 8.7 2 ϭ moderate abnormality; 3 ϭ mild abnormality; 4 ϭ within normal limits. The factor analysis was done using the years (SD ϭ 3.2, range 3.4-12), respectively. The mean IQ (measured by the Stanford-Binet test) or development SPSS (Statistical Package for the Social Sciences). The method of principal factors was used to extract initial factors, quotient (DQ) was 48 (SD ϭ 19.5) in the autistic group and 57 (SD ϭ 17.52) in the control group. The mean age and IQ a varimax rotation was performed, and factor scores were calculated. or DQ of the control group tended to be higher than in the autistic group. However, a two-sample t-test revealed no Images were analysed with the statistical parametric mapping software SPM99 and SPM96 (Wellcome Department significant group difference (P ϭ 0.01). Written informed consent was obtained from all parents or guardians of the of Cognitive Neurology, UK). The SPECT data were transformed into a standard stereotaxic space (Talairach and subjects according to the Declaration of Helsinki. The study was approved by the Ethical Committee of the National Tournoux, 1988) . Because the distribution of Tc-99m ECD in the brain is different from that of H 2 O 15 , which is used Center of Neurology and Psychiatry, Tokyo, Japan.
Before the SPECT scanning, all subjects had an intravenous as the PET template in the SPM program, we made a Tc-99m ECD template for spatial normalization. The ECD line established while they were lying down. Each subject received an intravenous injection of Tc-99m ECD, which template was made by averaging 14 young normal volunteers' Tc-99m ECD images that were spatially normalized crosses the blood-brain barrier on first pass, is rapidly taken up by neural cells, and is distributed in proportion to regional using parameters from co-registered T 1 volume MRIs. Coregistration of SPECT images and T 1 -MRIs and spatial cerebral perfusion. Because it remains fixed in the cells after uptake, its distribution provides a picture of the pattern of normalization of the ECD template were also performed with SPM99. The default spatial normalization of SPM99 used brain perfusion immediately after administration. Therefore, the effect of sedation on measured rCBF should be negligible.
linear and non-linear transformation. A Gaussian filter (12 mm full width at half maximum) was used to smooth each image The dose of Tc-99m ECD was calculated with the formula [(age in years ϩ 1)/(age in years ϩ 7)] ϫ 740 MBq. However, to accommodate intersubject differences in morphological and functional anatomy and to suppress high-frequency noise the maximum dose was regulated so as not to exceed 11 MBq/kg body weight or 555 MBq. Five minutes after in the images. The effect of global differences in CBF between scans was removed by proportional scaling. The the administration of Tc-99m ECD, sedation was given (~3 mg/kg of pentobarbital) to avoid motion during scanning. subject and covariate effects were estimated with the general linear model at each voxel. To test hypotheses about regional Ten minutes after injection of Tc-99m ECD, SPECT scanning was done with a three-head SPECT system (Multispect3, population effects, the estimates were compared using linear compounds or contrasts. The resulting sets of t values Siemens) equipped with high-resolution fan-beam collimators (full width at half maximum, 7.6 mm). For data constituted statistical parametric maps (SPM{t}). The SPM{t} were transformed to the unit normal distribution (SPM{Z}) projection, we used a 128 ϫ 128 format for 24 angles of 120°for each camera with 50 s per angle. A Shepp and Logan and thresholded at P Ͻ 0.001. To correct for the multiple non-independent comparisons that were inherent in this Hamming filter was used for SPECT image reconstruction at Table 2 Correlation between each factor score and age, analysis, the resulting foci were then characterized in terms gender and IQ of their spatial extent (k). This characterization was in terms of the probability that a region of the observed number or identify region-dependent correlations across the subjects, a pixel-by-pixel linear regression of regional out of global DQ ϭ development quotient; n.s. ϭ not significant.
CBF was performed to remove the confounding effect of differences in global CBF. The correlations between factor (BA), Talairach and Tournoux coordinates (Talairach and scores and CBF were then computed on a pixel-by-pixel Tournoux, 1988) and the corresponding Z scores. Figure 1 basis by covariance analysis. Gender and age were treated shows the SPM in a standard format as a maximum-intensity as nuisance variables.
projection viewed from the right, the back and the top of the brain. The anatomical space corresponds to the atlas of
Results
Talairach and Tournoux (Talairach and Tournoux, 1988) .
Symptom profiles in autistic patients
Decreases in rCBF in autistic patients compared with the The factor analysis of behavioural scores generated two control group were identified in the bilateral insula, superior factors with eigenvalues greater than unity, accounting for temporal gyri (BA 22), left inferior frontal gyrus (BA 45) 88.3% of the variance in behavioural scores (Table 1 ). The and left middle frontal gyrus (BA 9) (Table 3 and top row first factor loaded heavily onto the following items: treating of Fig. 1 ). There was no region of increased rCBF in the people as interchangeable; no use of finger-pointing; abnormal autistic group. grammatical construction; abnormal prosody; echolalia; and In the correlational analysis, positive correlation was no symbolic play. This group of behaviours was designated observed between scores for factor 1 and rCBF in the left 'impairments in communication and social interaction'. medial prefrontal cortex (BA 9/10) and the anterior cingulate The second factor loaded heavily onto stereotyped gyrus in autistic patients (Table 3 and middle row of Fig. 1 ). behaviour, insistence on sameness, and fascination for certain There was a positive correlation between scores for factor 2 objects. This group of symptoms was designated 'obsessive and rCBF in the right hippocampus and the amygdala (Table 3 desire for sameness'. For each factor, low scores mean and bottom row of Fig. 1) . A negative correlation between severely abnormal behaviours. The same factor structure was rCBF and scores for factors 1 or 2 was not seen in any region. obtained when age was a covariate. There was no significant evidence of correlation between factor scores and age, IQ or DQ (Table 2) .
Discussion
Autism is known to have a biological origin, and understanding the brain mechanisms underlying such a severe
Changes in rCBF in autistic patients
disorder is a major challenge for research in functional Table 3 lists the peaks of significant changes in rCBF obtained in this study, with their anatomical location, Brodmann area neuroimaging. Nevertheless, as mentioned earlier, SPECT Fig. 1 Top: statistical parametric map of the t statistic after transformation to a SPM{Z} for this contrast. The SPM is displayed in a standard format as a maximum-intensity projection viewed from the right, the back and the top of the brain. The anatomical space corresponds to the atlas of Talairach and Tournoux (Talairach and Tournoux, 1988) . Representation in stereotaxic space of cerebral regions with significantly decreased rCBF in autistic group compared with the control group (P ϭ 0.001; with Bonferroni correction P ϭ 0.05). Middle: representation in stereotaxic space of cerebral regions positively correlated with scores for factor 1 (P ϭ 0.001; with Bonferroni correction P ϭ 0.05). Bottom: representation in stereotaxic space of cerebral regions positively correlated with scores for factor 2 (P ϭ 0.001; with Bonferroni correction P ϭ 0.05).
and PET studies with small numbers of subjects have uniform matching of controls. The problems of which subjects should be studied and what the criteria for comparison should produced the most inconsistent results of all the neuroimaging methods that have been used in autism (George et al., 1992;  be confound the interpretation of the results of neuroimaging studies (Filipek, 1999) . Therefore, we used IQ-or DQ- Bauman et al., 1994; Mountz et al., 1995; Haznedar et al., 1997; Filipek, 1999) . There are several matched retarded children as the control not only for ethical reasons but also to avoid this issue. reasons for this inconsistency. First, autism is defined only behaviourally, which often contributes to the heterogeneity In the present study, the autistic children had abnormal rCBF in the bilateral insula, superior temporal gyri and left of cohort studies. Secondly, factors such as age, gender, IQ and behavioural traits often diverge considerably, with nonprefrontal cortices (BA 9/45) compared with the non-autistic controls. We suggest that these abnormal areas are related to the left medial prefrontal cortex associated with impairments in communication and social interaction, is concordant with the cognitive impairments observed in autistic children, such as deficits in language, impaired executive function and the findings of these PET and functional MRI (fMRI) studies. A deficit in the ToM is one of the most widely accepted abnormal responses to sensory stimuli. Disturbance in the perception and modulation of sensory information is often explanations of cognitive disorder, such as verbal and nonverbal communication and the socialization and imagination observed in autistic patients (Ornitz, 1983) . Several studies suggest that the insular cortex should be connected to a handicaps of autistic individuals (Baron- Cohen et al., 1985; Happe, 1993; Frith and Happe, 1994; Fletcher et al., 1995 ; variety of paralimbic systems and heteromodal association areas that are important in processing complex sensory Goel et al., 1995; Happe et al., 1996; . The ToM refers to our ability to explain and predict the behaviour information (Mesulam et al., 1984; Augustine, 1996) . Dysfunction in this area could cause abnormal responses to of others in terms of their mental states, such as beliefs, prides and desires. The task most often used to study ToM sensory stimuli because of abnormal integration of sensory stimuli. The frontal and temporal abnormalities in autism abilities is the so-called false-belief task (Wimmer and Perner, 1983) . Baron-Cohen and Frith and their collaborators have have also been demonstrated in EEG studies and other SPECT studies (George et al., 1992; Dawson et al., 1995;  shown in a series of studies that most autistic subjects fail such a ToM task, and they concluded that a deficit in ToM Mountz et al., 1995) . Dawson and colleagues reported that autistic subjects had reduced EEG power in the frontal and is a central cognitive deficit in autism (Baron-Cohen et al., 1985; Happe, 1993; Frith and Happe, 1994; Fletcher et al., temporal regions (Dawson et al., 1995) . Some SPECT studies using Tc-99m HM-PAO (hexamethyl propylene amine oxime) 1995; Goel et al., 1995; Happe et al., 1996; . As we mentioned above, neuroimaging studies have revealed also revealed abnormal perfusion in the frontal and temporal cortices (George et al., 1992; Mountz et al., 1995) . As for that the ability to attribute mental states is mediated by the medial prefrontal cortex (Fletcher et al., 1995; Goel et al., Tc-99m HM-PAO SPECT, SPECT with Tc-99m ECD can be carried out under anaesthesia or sedation without affecting 1995; Happe et al., 1996; Gallagher et al., 2000) . Furthermore, a recent fMRI study suggested that such functional the results.
The relationship between rCBF and symptom profiles in neuroanatomy should be independent of modality (verbal and non-verbal domains) (Gallagher et al., 2000) . In this context, autistic children provides a new insight into autistic behaviour patterns. Factor analysis revealed that the patients' behaviours the present study would support the hypothesis that a deficit in ToM is a central cognitive deficit in autism, and provides could be classified into two syndromes: (i) impairments in communication and social interaction; and (ii) an obsessive some functional relevance for PET and fMRI activation studies using the ToM task. desire for sameness. Factor 1 (impairments in communication and social interaction) was associated with altered rCBF in
The altered left anterior cingulate gyrus was also associated with impairments in communication and social interaction. the left medial prefrontal regions, including the anterior cingulate gyrus (BA 9/10, BA 32). Activation studies using
We assume that left anterior cingulate (BA 32) could also be a crucial component of the brain system that underlies theory of mind (ToM) tasks have revealed that the left medial prefrontal cortex is a crucial component of the brain system ToM. The area BA 32, which receives afferents from BA 9, the temporal pole and the orbitofrontal cortex, has been that underlies the understanding of other minds (Fletcher et al., 1995; Goel et al., 1995; Happe et al., 1996; Gallagher implicated in higher cognitive function and in the expression and recognition of affect, functions that are compromised in  et al., 2000) . The present result, showing altered rCBF in autism (Pandya and Yeterian, 1985) . The anterior cingulate formation, is an essential component of the distributed limbiccortical network that detects and responds to novel stimuli gyrus is the only part of the cerebral cortex that demonstrates cytoarchitectonic abnormalities . (Knight, 1996) . However, we cannot deny the possibility that the obsessive desire for sameness in autistic subjects is Haznedar and colleagues reported that glucose metabolism and gyrus volume in the right anterior cingulate gyrus (BA 24) caused by prefrontal dysfunction. Further study will clarify this issue. were reduced in adult autistic disorder (Haznedar et al., 1997) . We assume that the discrepancies between Haznedar's
In conclusion, we found perfusion impairments involving the insula, temporal cortex, medial prefrontal cortex, anterior study and ours can be explained by the differences in the patient population and in the methods used for data analysis cingulate gyrus and hippocampus in patients having infantile autism. These abnormalities seem to be related to the cognitive (Haznedar and colleagues used a small sample size, adult patients and the region of interest method).
dysfunction observed in autism, such as deficits in the ToM, abnormal responses to sensory stimuli, and the obsessive Another possible brain region associated with the ToM is the orbitofrontal cortex and amygdala (Baron-Cohen et al., desire for sameness. The perfusion patterns suggest possible locations for the abnormalities of brain function underlying 1994, 1999). In the studies of Baron-Cohen and colleagues, which used a word task and the 'eye' task, there was no abnormal behaviour patterns in autistic individuals. involvement in the medial prefrontal area, but instead an indication that the orbitofrontal cortex and the amygdala are sites of the ability to attribute mental states. It is plausible
